The thioredoxin superfamily is a set of enzymes that share two common characteristics: a folded structure, first observed in the three-dimensional structure of thioredoxin 1; and, within this conserved fold, a consensus active site composed of 2 cysteine residues separated by 2 amino acids residues, the CXXC motif (15) . One feature of these enzymes is that via the use of this common motif embedded within a common structure, different members of the family can efficiently carry out diametrically opposite reactions: reduction of disulfide bonds or oxidation of cysteine thiols. Within the cell, these two antagonistic reactions usually occur in different subcellular compartments: reduction occurs in the cytoplasm, and oxidation occurs in extracytoplasmic environments (e.g., the eukaryotic endoplasmic reticulum and the gram-negative bacterial periplasmic space).
In Escherichia coli, genetic studies of disulfide bond formation and isomerization in the cell envelope have resulted in the identification of four proteins dedicated to these processes (18) . DsbA, a periplasmic protein, is a very efficient oxidative enzyme. It is actively maintained in an oxidized active form by the cytoplasmic membrane protein DsbB. This reoxidation process involves the formation of a mixed disulfide bond between DsbA cysteine 30 and DsbB cysteine 104 (10, 12) . DsbB is in turn reoxidized by a mechanism involving components of the respiratory chain (2, 13, 14) . DsbC is a periplasmic enzyme required for the isomerization of disulfide bonds incorrectly formed during the oxidation process. The active-site cysteines of DsbC are maintained in a reduced state by DsbD, a cytoplasmic membrane protein (19) . The DsbD active site is itself maintained in the reduced state via electrons transferred from the cytoplasmic thioredoxins 1 and 2 (20, 22) .
We previously reported that the reductant thioredoxin 1 can catalyze the formation of disulfide bonds in proteins when it is placed in an oxidizing environment such as the periplasm. By fusing a signal sequence to thioredoxin 1, we showed that the protein can be exported to the periplasm, where it is able to partially complement the defect in disulfide bond formation of a dsbA strain (5) . This ability of thioredoxin 1 to perform active oxidation in vivo is consistent with other studies from this laboratory, in which we demonstrated that cytoplasmic thioredoxin 1 can act as an oxidant when the redox environment of the cytoplasm is altered (6, 22) . We also showed that the amplitude of the complementation is dependent at least on two factors: the efficiency of thioredoxin 1 export, and whether the DsbC and DsbD proteins were present in the cell envelope. These two reductive proteins lessen the ability of exported thioredoxin 1 to complement a dsbA mutant. We presume that the reductive activity of these two proteins interferes with the oxidation performed by exported thioredoxin 1. Using different thioredoxin 1-signal sequence fusions, we showed a correlation between the amount of thioredoxin 1 exported and the level of complementation of disulfide bond formation observed (5).
Here we report further studies of the function of thioredoxin 1 as an oxidant in the periplasm. By examining the in vivo kinetics of disulfide bond formation in the cell envelope protein OmpA, we measured the efficiencies of different versions of the exported thioredoxin 1. These results demonstrate directly that thioredoxin 1 carrying its native Cys-Gly-Pro-Cys motif exhibits a strong stimulus to periplasmic disulfide bond formation in a dsbA dsbC dsbD triple-mutant strain. Surprisingly, the kinetics of disulfide bond formation with a version of exported thioredoxin 1 containing the DsbA Cys-Pro-HisCys sequence are indistinguishable from those of a wild-type (DsbA ϩ ) strain. During the course of this work, we learned that in contrast to our previous findings, Jonda et al. (11) found that DsbB is responsible for the oxidation of their version of exported thioredoxin 1. Here we show that their conclusion is correct and that our previous results were based on a mistaken strain specification. Based on these results, we examined the mechanism of the oxidation of exported thioredoxin 1 by DsbB and identified a mixed disulfide-bonded complex of thioredoxin 1 and DsbB comparable to that normally formed by DsbA and DsbB. Finally, we present results suggesting that in a dsbB mutant strain, in which exported thioredoxin 1 is no longer oxidized, this enzyme acts as a reductant. The same reduction is also observed when a large amount of thioredoxin 1 accumulates in the periplasm.
MATERIALS AND METHODS
Strains and media. Strains used in this study are listed in Table 1 . Strains were grown at 37°C either in NZ medium (NaCl, 8 g/liter; NZ amine, 10 g/liter; yeast extract, 5 g/liter) or in M63 minimal medium supplemented with vitamin B1, glucose as a carbon source, and all amino acids except methionine and cysteine. When necessary, ampicillin was added at 200 g/ml. Cells were grown to an optical density at 600 nm of approximately 0.5. IPTG (isopropyl-␤-D-thiogalactopyranoside) was used to induce the expression of the DsbA signal sequence (DsbAss)-TrxA fusion.
Plasmid constructions. pLMD173 was constructed by cloning an EcoRI-and XbaI-cleaved PCR product into pLMD60 cut by the same enzymes. This PCR product was obtained with primers 1 and 24 (listed below), using pBAD33-TrxA (DsbA active site [17] ) as a template.
pLMD186 was constructed by cloning a HindIII-and EcoRI-cleaved PCR product into pLMD173 cut by the same enzymes. This PCR product was obtained with primers 2 and 15, using pLMD104 as a template.
pLMD225 was constructed by subcloning a product obtained from two subsequent PCRs. First, primers 24 and 31 were used with pLMD60 as a template. The PCR product obtained was purified and employed as a primer for a second PCR using primer 1 and pLMD60 as a template. The final PCR product was subcloned into pLMD60, using XbaI and EcoRI restriction sites.
pLMD256 was constructed by subcloning the EcoRI-XbaI fragment containing the trxA gene from pLMD225 into pLMD104 cut by the same enzymes.
The primers used for plasmid construction were as follows: no. 1, 5Ј-GGGT CTAGATTACGCCAGGTTAGCGTC-3Ј; no. 2, 5Ј-ATCATCGATAAGCTTT AATGCGG-3Ј; no. 15, 5Ј-CACTTTGAATTCTCCATGTACAAATAC-3Ј; no. 24, 5Ј-TCCCGGAATTCACCATGAGCGATAAAATTATTCACCTG-3Ј; and no. 30, 5Ј-GAATCGGGGCGATCATTTTGTACGGACCGCACCACTCTGCC-3Ј.
Every plasmid construct was subjected to sequence analysis. T4 DNA ligase and all restriction enzymes were used in accordance with the manufacturer's recommendations (New England Biolabs).
AP assay. Alkaline phosphatase (AP) assays were performed in triplicate as described previously (4, 19) . The strains used to make these assays lack the phoR gene, which results in constitutive expression of both AP and APss-TrxA fusions.
Immunoblotting. Cells extracts grown in rich medium were separated in 14% nonreducing polyacrylamide gels and transferred to a nitrocellulose membrane by the use of a semidry apparatus from Bio-Rad. Membranes were probed with a polyclonal antiserum to thioredoxin 1 (a gift from C. Richardson), DsbB (kindly provided by J. C. B. Bardwell), or AP.
RESULTS
The studies of exported thioredoxin 1 reported here were done with a construct expressing a polypeptide with the APss at its amino terminus, a 6-amino-acid linker resulting from the cloning approach, and the mature sequence of thioredoxin 1 retaining its amino-terminal methionine. Our previous findings showed that it is the processed version of this protein, containing the 6-amino-acid linker attached to thioredoxin 1, that is the active molecule in the periplasm.
In vivo kinetics of disulfide bond formation by exported thioredoxin 1. By using phenotypic properties of cells that are dependent on disulfide bond formation, such as motility on low-agar-concentration plates and AP enzymatic activities, we have previously concluded that exported thioredoxin 1 acts as an oxidant. To directly demonstrate in vivo disulfide bond formation in these studies, and to determine its efficiency, we examined the rate of oxidation of OmpA in pulse-chase experiments. OmpA is an outer membrane protein that contains one disulfide bond. Bardwell et al. (3) showed that more than 50% of the OmpA in a wild-type strain is oxidized within a labeling time of 1 min while in a dsbA strain it takes 60 min to oxidize 50% of the OmpA. We repeated these experiments, obtaining the same results for wild-type and dsbA strains as Bardwell et al., and further showed that a dsbA dsbC dsbD triple-mutant strain exhibits the same kinetics as a dsbA strain (Fig. 1) . As a control for experiments with exported versions of thioredoxin 1, we used strains containing a plasmid overexpressing cytoplasmic thioredoxin 1. When we expressed the exported version of thioredoxin 1, we determined that 50% of the OmpA was oxidized in 5 min in a dsbA strain and in 2.6 min in a dsbA dsbC dsbD triple-mutant strain (Fig. 1) . Thus, the exported 35 S]methionine (200 Ci/ml) for 1 min, chase point samples were obtained and incubated in the presence of 100 mM iodoacetamide in order to alkylate free thiol residues (0.1% final concentration of cold methionine was used for the chase). An OmpA antiserum was used to immunoprecipitate this protein (see reference 7 for details), and the samples were separated on a nonreducing sodium dodecyl sulfate-polyacrylamide gel. The OmpA oxidation rate was determined in a wild-type strain (A), a dsbA strain (B to D), and a dsbA dsbC dsbD triple-mutant strain (E to G) expressing cytoplasmic thioredoxin 1 (A, B, and E), exported thioredoxin 1 (C and F), or exported thioredoxin 1 with a DsbA active site (D and G). Values for 50% oxidation time (t 1/2 ox) were determined after the quantitation of reduced (red) and oxidized (ox) forms of OmpA by phosphorimager analysis (Bio-Rad). thioredoxin 1 results in a 10-to 20-fold reduction in the halftime for disulfide bond formation, depending on the genetic background.
We also expressed in both dsbA single-mutant and dsbA dsbC dsbD triple-mutant strains a version of exported thioredoxin 1 in which its active site (Cys-Gly-Pro-Cys) was changed to the DsbA active site (Cys-Pro-His-Cys). This thioredoxin 1 version is a more efficient oxidant in vitro (11) . With this variant of thioredoxin 1, we found that the rate of formation of disulfide bonds in OmpA exhibited kinetics of disulfide bond formation that were indistinguishable from those of the wildtype (DsbA ϩ ) control (Fig. 1 ). The dramatic changes in the kinetics of OmpA oxidation are mirrored by the levels of AP activity found in the different strains (Table 2) . AP, a periplasmic protein, requires the formation of two disulfide bonds to achieve its final active conformation. In a dsbA dsbC dsbD triple-mutant strain, the amount of AP accumulated was approximately 50% of that found in wild-type strains when the exported thioredoxin 1 contained its wild-type active site. This activity rose to approximately 100% when the thioredoxin 1 with a DsbA Cys-ProHis-Cys active site was exported. These activities represent approximately 10-and 20-fold increases over the control strain overexpressing only a cytoplasmic thioredoxin 1. These data show that the highly effective reductant thioredoxin 1, when exported to the periplasm with its own active site, is a surprisingly efficient oxidant. Furthermore, changing only 2 amino acids in this protein (in the active site) results in a thioredoxin 1 whose activity is indistinguishable from that of DsbA in vivo.
Mechanism of oxidation of exported thioredoxin 1 by DsbB. In contrast to our previous report, Jonda et al. (11) showed that DsbB is essential for the oxidation of exported thioredoxin 1.
We had compared a dsbA strain with a dsbA dsbB strain. To reanalyze the effect of DsbB on exported thioredoxin 1, we examined the properties of the following three strain backgrounds: dsbA single mutant, dsbB single mutant, and dsbA dsbB double mutant (we reconstructed the dsbA dsbB double mutant after finding that the strain used previously did not have the correct genotype). The results now confirm that DsbB is required for exported thioredoxin 1 to act as an oxidant in the periplasm ( Table 2) .
The mechanism of oxidation of DsbA, until now the only known substrate of DsbB, was clarified as the result of studies with dominant-negative mutants of DsbA (10, 12) . A mutation in which the second cysteine residue of the DsbA active site is replaced by a tyrosine residue interferes with wild-type DsbA function (10). This dominant-negative effect is due to the accumulation of a disulfide-bonded complex of DsbB and the DsbA mutant protein that is formed between DsbA(Cys30) and DsbB(Cys104). The complex revealed by this approach is believed to represent an intermediate in the oxidation of DsbA by DsbB (10, 12) . To determine whether the oxidation of exported thioredoxin 1 by DsbB occurs by the same mechanism, we introduced into thioredoxin 1 an analogous mutation changing the second active-site cysteine residue to a tyrosine residue (Cys35Tyr). In parallel, we constructed versions of exported thioredoxin 1 in which the complete active site was replaced by either the DsbA dominant-negative site or the DsbA wild-type site (as a control). Using thioredoxin 1 antibodies, we compared immunoblots of extracts of cells expressing cytoplasmic thioredoxin 1 Cys35Tyr and exported thioredoxin 1 Cys35Tyr. These blots exhibited a band of ϳ32 kDa only when thioredoxin 1 was exported (Fig. 2, left panel, lanes  4 and 5) . This band was not present in a dsbB mutant strain (Fig. 2, left panel, lane 6 ). This band also was not present when samples were reduced (Fig. 2, right panel, lanes 4 and 5) , indicating that it contained a disulfide-bonded complex. Using antibodies to DsbB, we identified this band as a mixed disulfide complex of DsbB and thioredoxin 1 (Fig. 2, left panel, right part, lanes 4 and 5). The gels show that perhaps a majority of the DsbB is tied up in such a complex. Identical results have been observed with the thioredoxin 1 in which the active site was replaced by the dominant-negative Cys-Pro-His-Tyr sequence of DsbA (data not shown). We also showed that by using a version of DsbB in which the cysteine 104 residue was replaced by alanine, the mixed disulfide bond thioredoxin 1 and 4) , a dsbA (lanes 2 and 5), and a dsbB (lanes 3 and 6) strain expressing cytoplasmic thioredoxin 1-Cys35}Tyr (lanes 1 to 3) or exported thioredoxin 1-Cys35}Tyr (lanes 4 to 6) were separated on a nonreducing (minus dithiothreitol [ϪDTT] ) and a reducing (plus dithiothreitol [ϩDTT]) sodium dodecyl sulfate-polyacrylamide gel and transferred to two nitrocellulose membranes. The left part of each of the membranes was incubated with TrxA antiserum (anti-TrxA Ab.), and the right part was incubated with DsbB antiserum (anti-DsbB Ab.). Prestained molecular mass markers were loaded between the left and the right panels so that the two pieces of membrane could be aligned. Band A is the cytoplasmic thioredoxin 1, band B is the 6 amino acids-thioredoxin 1 processed form, band C is the precursor APss-6 amino acids-thioredoxin 1, band D is DsbB, and band E is the mixed disulfide complex of exported thioredoxin 1 Cys35}Tyr and DsbB. 1-DsbB complex was not present (data not shown). These data indicate that exported thioredoxin 1 interacts directly with DsbB in the same way as DsbA does.
Exported thioredoxin 1 can also act as a reductant. An examination of the data in Table 2 shows that not only does the dsbB mutation eliminate the ability of exported thioredoxin 1 to act as an oxidant, but also in this strain background the export of thioredoxin 1 actually reduces the amount of AP below the background level normally found in a dsbB mutant. This finding raised the possibility that exported thioredoxin 1, when not oxidized by DsbB, actually reduces disulfide bonds in cell envelope proteins. We considered that this finding might explain the results of Jonda et al. (11) , who failed to detect any oxidative ability of exported thioredoxin 1 when it contained its native active site. In those experiments, the thioredoxin was expressed at such high levels that it may have saturated the capacity of DsbB to oxidize it, thus resulting in substantial amounts of the reduced form of the protein.
To test this explanation, we used the plasmid described by Jonda et al. (11) in which thioredoxin 1 is fused to the DsbAss. The expression of this construct is under the control of an IPTG-inducible promoter, and the product is processed more efficiently than ours (11) . To determine the redox activity of exported thioredoxin 1, we monitored the enzymatic activity of AP in a dsbA dsbC dsbD triple-mutant strain in the presence of increasing concentrations of IPTG. Results presented in Table  3 show that at low concentrations of IPTG (0 to 20 M), exported thioredoxin 1 is able to promote disulfide bond formation, but at higher concentrations of IPTG (40 to 200 M), the level of AP activity progressively decreases. These results suggest that exporting a large amount of thioredoxin 1 into the periplasm changes the balance between reduced and oxidized thioredoxin 1 in favor of the reduced form, which may then reduce substrate proteins such as AP. We determined the level of expression induced with different concentrations of IPTG by immunoblotting, using both thioredoxin 1 and AP antibodies (data not shown). As expected at steady state, the level of thioredoxin 1 increased with the increase in IPTG concentration while the level of AP slightly decreased (the steady-state levels of AP protein decrease because the protein is rapidly degraded when not disulfide bonded [3] ). Finally, pulse-chase experiments showed that neither the level of expression nor the secretion of AP was affected by the overexpression of the thioredoxin construct (data not shown).
DISCUSSION
The formation of disulfide bonds in the periplasmic space of E. coli is normally a very rapid process. For example, in the case of OmpA, pulse-labeling studies show that in vivo the majority of full-length protein is fully oxidized within 30 s to 1 min. This efficient process is dependent on DsbA, a 23-kDa protein containing a thioredoxin-like domain. Here we report studies of the efficiency with which cytoplasmic thioredoxin 1, when exported to the periplasm, can substitute for DsbA. We showed that 50% of the OmpA is oxidized within 2 to 3 min by exported thioredoxin 1 in a dsbA dsbC dsbD triple-mutant strain. Previously, our laboratory found that a combination of oxidized thioredoxins 1 and 2, also with a half-time of 2 to 3 min, promotes disulfide bond formation in the cytoplasm (22) . In the latter case, the oxidized thioredoxins accumulated in the cytoplasm of a mutant lacking thioredoxin reductase. Together, these findings show that despite its extremely low redox potential (Ϫ270 mV [1] ), thioredoxin 1 can still act as a strong catalyst of oxidation in vivo.
However, and perhaps more striking, the introduction of the Cys-Pro-His-Cys DsbA active-site sequence into exported thioredoxin 1 resulted in a thioredoxin 1 oxidation capability that appears to be the same in vivo as that of DsbA. The kinetics of disulfide bond formation in OmpA protein are indistinguishable in the two cases. These results are somewhat surprising because DsbA has, along with its thioredoxin domain, additional polypeptide sequences amounting to approximately the same molecular weight as the thioredoxin portion. These extra sequences have been thought to serve functions necessary for an enzyme that catalyzes disulfide bond formation, such as binding of substrate polypeptides as well as interacting with DsbB (8, 9, 21). Our findings raise the possibility that these additional sequences in DsbA serve some function in the periplasm other than disulfide bond formation. Alternatively, they may contribute to a slight increase in efficiency not detectable in pulse-chase experiments, which, nevertheless, provides a selective advantage. For example, with some of the substrates other than OmpA, DsbA may be more effective than the altered thioredoxin 1 in promoting disulfide bond formation. Such differences in substrate reactivities could be due to differing redox potentials of the cysteines in those proteins or to differences in substrate accessibility.
We also report that our previous results suggesting that a cell envelope component different from DsbB is responsible for oxidizing exported thioredoxin 1 were incorrect. By reexamining the levels of complementation provided by exported thioredoxin 1 in a single dsbA, a single dsbB, and a reconstructed dsbA dsbB double-mutant strain, we confirmed that DsbB is essential to this complementation, as reported by Jonda et al. (11) . The fact that DsbB can efficiently recognize thioredoxin 1, essentially a paired-down version of DsbA, in vivo as well as in vitro (11) raises interesting issues about the specificity of DsbB discussed by Jonda et al. (11) .
Strains expressing dominant-negative mutants of the dsbA gene in which the second cysteine of the active site, Cys-33, is replaced by another amino acid accumulate a disulfide-bonded DsbB-DsbA complex (10, 12) . These findings have been taken to indicate that this complex represents an intermediate in the oxidative pathway. We showed here that by expressing a mutant of exported thioredoxin 1 in which the analogous cysteine was altered (Cys-35), we could detect an analogous DsbBthioredoxin 1 complex. As in the DsbB-DsbA complex, the disulfide bond is formed between the remaining cysteine of thioredoxin 1 and cysteine 104 of DsbB. This result indicates, not surprisingly, that exported thioredoxin 1 is oxidized by DsbB in the same way that DsbA is. However, our findings also raise the possibility that in general, protein-protein intermediates in such oxidation pathways will be detectable by employing mutant versions of one of the potential protein partners in which the appropriate cysteine is altered. In the cases described here, the proteins were mutated so that the exposed more-reactive cysteine of the Cys-X-X-Cys motif is left intact.
It has been known for some time that low background levels of disulfide bond formation still occur in dsbA dsbB and dsbA dsbB double mutants (19) . There is currently no information to explain this background activity. Here, we report that exported thioredoxin 1 actually decreases this background in a dsbB mutant and a dsbA dsbB double mutant, but not in a dsbA mutant. This result is most easily explained by the fact that thioredoxin 1 accumulates in the reduced (and reducing) form in dsbB backgrounds and is, therefore, able to interfere with disulfide bond formation. This interference may occur either by direct reduction of disulfide bonds in substrate proteins or by interference with the source of oxidizing potential.
This last finding allows us to advance an explanation for a puzzling contradiction between one aspect of the studies of Jonda et al. (11) and our own. The former group reported, in contrast to our results, that exported thioredoxin 1, with its Cys-Gly-Pro-Cys active site intact, is incapable of promoting disulfide bond formation in the periplasm because of its low redox potential. As described above, we found a relatively efficient thioredoxin 1 oxidizing activity in the periplasm. Jonda et al. (11) expressed their thioredoxin 1 construct from a veryhigh-copy-number pUC plasmid and grew cells either in rich NYT medium or in M63 medium. It is likely that the optimized expression system used in their study, coupled with a high export efficiency, allowed the accumulation of much larger amounts of thioredoxin 1 in the periplasm when cells were grown in rich medium (a rich medium is more likely to contain traces of inducer). They actually reported that their expression system was very leaky under such conditions. In this situation, thioredoxin 1 may greatly exceed the reoxidation capacity of DsbB, resulting in a much higher level of reduced than oxidized thioredoxin 1. Given our findings suggesting that reduced thioredoxin 1 can interfere with disulfide bond formation, the absence of an oxidative effect of thioredoxin 1 under these conditions is not surprising. On the other hand, when cells are grown in M63 medium, such an expression system would be much less leaky, thereby not allowing the exportation of enough thioredoxin 1 for a complementation of disulfide bonds in a dsbA strain to be observed, as reported by Jonda et al. (11) . We previously showed that a dsbA dsbC dsbD triple-mutant strain was more effective than a dsbA strain in the detection of complementation of disulfide bond defects by a weakly exported thioredoxin 1. We have obtained support for these explanations by showing that the use of the construct of Jonda et al. (11) in a dsbA dsbC dsbD triple-mutant strain grown in M63 medium led to the formation of disulfide bonds at low levels of induction and a decrease in formation of disulfide bonds when the level of induction was further increased.
The studies reported here suggest a surprisingly functional interchangeability of thioredoxin and DsbA, two oxidoreductases well characterized as carrying out opposing redox reactions. These and other findings (16, 20) suggest that in examining the function of members of the thioredoxin superfamily it is important to take into consideration the interaction of these proteins in vivo with partner proteins for which they are substrates. Such partners of thioredoxin 1 and DsbA are normally thioredoxin reductase and DsbB, respectively. These latter enzymes determine what kind of reactions the proteins will carry out, reactions which are to an unexpected extent independent of their redox potentials. This analysis suggests that in a reverse form of these experiments, expression of DsbA into the cytoplasm may compensate for a thioredoxin defect in the cytoplasmic disulfide reduction pathway. It appears that if DsbA evolved from a thioredoxin, it did not have to diverge very far to become a strong oxidant as long as there existed a protein such as DsbB which could receive electrons from it.
Despite this interchangeability of members of the thioredoxin superfamily, the redox potentials of these proteins are usually indicative of their in vivo function (17) . Nevertheless, beyond laboratory manipulations, members of the thioredoxin family may switch their function in a biologically significant way.
